: Chimeric NUP98-NSD1 transcripts from the cryptic t(5;11)(q35.2;p15.4) in adult de novo acute myeloid leukemia, Leukemia & Lymphoma, DOI: 10.1080/10428194.2017 The t(5;11)(q35;p15.4) is a clinically significant marker of poor prognosis in acute myeloid leukemia (AML), which is difficult to detect due to sub-telomeric localization of the breakpoints. To facilitate the detection of this rearrangement, we studied NUP98-NSD1 transcript variants in patients with the t(5;11) using paired-end RNA sequencing and standard molecular biology techniques. We discovered three NUP98-NSD1 transcripts with two fusion junctions (NUP98 exon 11-12/NSD1 exon 6), alternative 5 0 donor site in NUP98 exon 7, and NSD1 exon 7 skipping. Two of the transcripts were in-frame and occurred in all t(5;11) samples (N ¼ 5). The exonic splicing events were present in all samples (N ¼ 23) regardless of the NUP98-NSD1 suggesting that these novel splice events are unassociated with t(5;11). In conclusion, we provide evidence of two different NUP98-NSD1 fusion transcripts in adult AML, which result in functional proteins and represent suitable molecular entities for monitoring t(5;11) AML patients.
Introduction
In de novo and therapy-related lymphoid and myeloid malignancies, 11p15.5 rearrangements with the nucleoporin-98-kDa (NUP98) gene involve more than 30 different partner genes [1] [2] [3] . Within the diverse spectrum of NUP98 rearrangements, the nuclear receptor-binding SET-domain protein 1 (NSD1) gene, located at 5q35, is the most commonly observed NUP98 fusion partner in acute myeloid leukemia (AML) [4, 5] . The relative frequency of the NUP98-NSD1 fusion in cytogenetically normal pediatric and adult AML (CN-AML) was previously shown to be 16% and 2%, respectively. Beyond AML, NUP98-NSD1 has been reported in rare cases of myelodysplastic syndromes (MDS), and acute biphenotypic leukemia [6] [7] [8] . Several studies have observed that NUP98-NSD1 characterizes a clinically significant group of AML patients [4, [8] [9] [10] [11] . Furthermore, over 80% of NUP98-NSD1 patients coexpress internal tandem duplications in the FLT3 gene (FLT3-ITD), and co-occurrence of these two aberrations has been shown to result in especially high induction failure and poor survival in AML [8, 10] .
At the chromosomal level, the t(5;11) juxtaposes the N-terminus of NUP98 to the C-terminus of NSD1 [12] (5 0 -NUP98-NSD1-3 0 ), and occasionally the N-terminus of NSD1 to the C-terminus of NUP98 (5 0 -NSD1-NUP98-3 0 ) [8] . The rearrangement leads to haploinsufficiency of the NUP98 and NSD1 genes, which participate in the nucleocytoplasmic transport of small molecules [13] and in chromatin-mediated transcriptional regulation [14] , respectively. NSD1 is required for normal growth and development, thus haploinsufficiency of NSD1 results in Sotos syndrome [15] that is characterized by abnormal excessive growth [15] . Haploinsufficiency of NUP98 is associated with premature separation of sister chromatids, severe aneuploidy and ill-timed degradation of securin [16] . The NUP98-NSD1 fusion protein is known to accumulate in the nucleus [8, 17] and transform hematopoietic precursors through epigenetic changes that prevent myeloid cell differentiation [18] . Thus far, two chimeric NUP98-NSD1 transcripts have been described in MDS, joining NUP98 exon 12 to NSD1 exon 6 and NUP98 exon 11 to NSD1 exon 6 [6] . While the NUP98 exon 12/NSD1 6 transcript is well-known aberration in AML, the sole expression of NUP98 exon 11/NSD1 exon 6 fusion transcript has only been described in one pediatric AML patient with a NUP98-NSD1-like gene expression signature [11] . To date, co-expression of these two NUP98-NSD1 transcripts in AML has not yet been reported. Considering the sub-telomeric location of the breakpoints, detection of t(5;11) by traditional chromosome banding can be challenging. In addition, the potential for alternative spliced versions of the NUP98-NSD1 transcripts can complicate minimal residual disease monitoring. Application of newer technologies such as next-generation genome and RNA sequencing (RNAseq) could overcome these challenges. By applying paired-end RNA-seq to samples from de novo AML patients and analyzing the data with a bioinformatic pipeline designed to detect fusion transcripts, we were able to efficiently detect NUP98-NSD1 transcripts in t(5;11) positive samples that included alternatively spliced versions with novel splice junctions. In this study, we show that whole transcriptome sequencing is an informative method for identifying clinically significant fusion transcripts and novel splice junctions present in t(5;11) AML patients that can be followed by targeted methods for molecular detection.
Materials and methods

Study patients
Bone marrow (BM) aspirates were collected after written informed consent from three adult de novo AML patients with NUP98-NSD1 fusion (NUP98-NSD1 
Array-based comparative genomic hybridization
Array-CGH was used to explore the presence of small genomic deletions that could indicate sites for DNA breakpoints associated with genomic rearrangements. For this, three micrograms of digested genomic DNA was labeled and processed as previously described [19] . Sample processing and hybridization to 244K Human CGH Microarrays (Agilent Technologies, Santa Clara, CA, USA) containing up to 1 Â 10 6 highly sensitive 60-mer oligonucleotide probes was performed according to a standard protocol from the manufacturer. The array-CGH data was analyzed with Genomic Workbench Standard Edition 5.0 (Agilent Technologies, Santa Clara, CA, USA).
RNA sequencing
One to three micrograms of DNase-treated (RNaseFree DNase Set; Qiagen, Hilden, Germany) total RNA (RIN >8) from each patient was sequenced. The RNA samples were depleted of ribosomal RNAs (Ribo-Zero [20] alignment using in-house Perl scripts and executed in FusionCatcher [21] . Fusion gene supporting reads were aligned against a reference sequence and visually inspected in integrative genomics viewer (IGV) version 2.3.59 [22] . Initially, the sequenced FASTQ reads were aligned against human reference genome (HG18), but to improve the visualization and quantification of reads, we created FASTA format fusion constructs containing all exons of both partner genes. The 5 0 -NUP98-NSD1-3 0 and 5 0 -NSD1-NUP98-3 0 constructs were generated comparably by extracting NUP98 (NM 139131.3) and NSD1 (NM 022455.4) sequences from PubMed (NCBI nucleotide database), and by annotating them using a general feature format (GFF) annotation file. The GFF file was created using annotation files from GenBank (NCBI) and Perl scripts. The start and end exon positions for NUP98-NSD1 and the reciprocal NSD1-NUP98 were annotated accordingly. The GFF-file was needed for TopHat2 alignment between FASTQ reads and the fusion. After alignment, all reads (single and paired) aligned to the fusion were extracted and processed. PCR duplicates, non-primary reads, and reads with low mapping quality (>10) were filtered out before acquiring the read counts with SAMtools [23] . 
Cloning and Sanger sequencing
Statistical analysis
Statistical analysis was performed with Prism software version 6.0 (GraphPad Software, La Jolla, CA, USA). The novel splice events were compared between NUP98-NSD1 þ versus NUP98-NSD1 À samples using unpaired nonparametric Mann-Whitney rank comparison test. The t-tests between groups were two-tailed, and exact p values below .05 were considered statistically significant.
Results
Detection of NUP98-NSD1 transcripts and exonic rearrangements
Array-CGH showed that the index patient carried narrow cryptic deletions within NUP98 and NSD1 genes at positions 11p15.4 and 5q35.2, respectively ( Figure S1 ). The 0. (Figure 1(A-C) ). The nucleotide positions were counted from the first nucleotide of ATG start codon in the corresponding NCBI reference sequence (NM 139131.3 and NM 022455.4). Nucleotide to amino acid conversion (Figure 1(D) ) indicated that the phenylalanine (F), glycine (G), and leucine (L) possessing nontandem repeats and Gle2p-binding (GLEBS)-like motif at the NH 3 terminus of NUP98 were consistent and functional in all three NUP98-NSD1 transcripts. Each fusion transcript had eight GLFG-repeats, FGFG-repeat, GLFGFG-repeat, and non-tandem FG-repeats. The FG-repeat counts in NUP98-NSD1_v1, NUP98-NSD1_v2, and NUP98-NSD1_v3 were 38, 36 and 39, respectively. The C-terminal functional domains of NSD1 within the hybrid proteins remained unchanged in all except in NUP98-NSD1_v3, which was truncated due to exon skipping related frame shift.
We re-analyzed the RNA-seq data from patient 600 using a modified alignment strategy and confirmed that the novel splice events identified through cloning and Sanger sequencing were neither PCR-introduced artifacts nor RNA-seq library preparation errors ( Figure  2) . In sample 600_2, 93% (75/81) of the NUP98-NSD1 supporting reads supported the fusion between NUP98 exon 12 and NSD1 exon 6 (NUP98-NSD1_v1), and 7% (6/81) the NUP98 exon 11/NSD1 exon 6 fusion (NUP98-NSD1_v2). The percentages were similar (91% and 9%) in the relapse sample 600_3 collected 2 months later. The reciprocal 5 0 -NSD1-NUP98-3 0 was undetectable in both samples.
Validation of fused exons and exonic rearrangements with paired-end RNA seq
We performed RNA-seq on additional samples with (N ¼ 4) and without (N ¼ 16) t(5;11) to acquire more evidence for chimeric NUP98-NSD1 fusion transcripts and exonic rearrangements. As shown in Figure 3(A) , all positive samples co-expressed the two in-frame NUP98-NSD1 transcripts. In these samples, NUP98-NSD1_v1 was the predominant transcript, however, 11% (95% confidence interval 6.0-16.6%) of the NUP98-NSD1 supporting FASTQ reads supported the NUP98-NSD1_v2 fusion. Its relative frequency increased during disease progression from 9.4% (9/96) to 18.1% (13/72) in patient 3660 and from 7% (6/81) to 9% (7/78) in patient 600. Interestingly, NSD1 exon 7 skipping and alternative 5 0 donor site of NUP98 exon 7 were detected from all study samples regardless of NUP98-NSD1 (Figure 3(B,C) ). In the NUP98-NSD1 þ group, 8% (95% CI 5.3-9.9%) of the reads supported an alternative 5 0 donor site of NUP98 exon 7, while it was 6% (95% CI 5.3-7.4%) in the negative group (OR 1.183). In both groups, 6% (95% CIs 0-13.1% and 3.4-9.4%) of the reads spanning across NSD1 exon 7 supported its skipping. No statistically significant differences in NSD1 exon 7 skipping or alternative 5 0 donor site was found between the
and .38) suggesting these are previously unknown normal splicing events of the wild type NUP98 and NSD1 genes.
Discussion
In this study, our objective was to facilitate the molecular detection of NUP98-NSD1 by investigating NUP98-NSD1 fusion transcripts in adult de novo AML. We acquired experimental evidence of three chimeric NUP98-NSD1 transcripts and demonstrated that the two in-frame transcripts previously reported in MDS [6] are also co-expressed in adult AML. The co-expression was found in serial samples from two different patients, indicating that both NUP98-NSD1 transcripts are clonally stable during disease progression. The clonal stability and clinical relevance of NUP98-NSD1 is well established [8, 9] . The absence of reciprocal NSD1-NUP98 in our study patients is in agreement with previous studies, which have suggested NUP98-NSD1 as the sole initiating oncoprotein [6, 24] . Our results showed that NUP98-NSD1_v1, joining NUP98 exon 12 to NSD1 exon 6, is the predominant transcript. However, an alternative transcript NUP98-NSD1_v2 with NUP98 exon 11 joined to NSD1 exon 6 was also detected in all t(5;11) samples. Nevertheless, both fusion transcripts result in in-frame fusion proteins that retain the same functional domains of NUP98 and NSD1. Additional studies are required to assess the functional activity of the different transcript variants. Increased NUP98-NSD1 expression has previously been shown to correlate with hematological relapse [8, 9] . In the largest AML cohort screened for NUP98-NSD1 thus far [10] , most patients remained positive for the fusion at the end of cycle 1 of induction chemotherapy (EOI-1), which strongly indicates that NUP98-NSD1 is an important tool for evaluating treatment response and MRD, either after chemotherapy or stem cell transplantation. As recommended previously by Grimwade and colleagues [25] , sequential RT-qPCR monitoring coupled with preemptive therapy may eventually lead to individualized management of patients with rare gene fusions such as NUP98-NSD1. Due to emerging clinical significance of NUP98-NSD1, especially among pediatric AML patients [8] , it is advisable that all newly diagnosed AML patients without favorable genetic abnormalities should be screened upfront for t(5;11) by fluorescence in situ hybridization (FISH) and followed by monitoring of NUP98-NSD1 transcripts by RT-PCR. Here, we show that RNA-seq is a sensitive method to detect NUP98-NSD1 fusion transcripts as well as the different fusion splice variants. Although data from additional t(5;11) patients should be analyzed, our initial findings suggest that the fusion joining exon 11 of NUP98 to exon 6 of NSD1 should be included to the molecular diagnostics panel in AML. This is supported by a previous study, which indeed detected the sole expression of NUP98 exon 11/NSD1 exon 6 fusion in a pediatric AML patient with NUP98-NSD1-like gene expression signature [11] . In addition, as next generation sequencing applications are incorporated into clinical laboratory diagnostic practice, cryptic translocations such as NUP98-NSD1 should be more readily detected. To address the therapeutic needs of NUP98-NSD1 þ myeloid malignancies, further intensive studies of patients with t(5;11) are warranted. nical assistance and expertise. We express our appreciation to technicians Minna Suvela and Siv Knaappila for their help with sample processing. 
